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I . INTRODUCTION 
The development of protected-streamflow standards is essential for the most desirable and equitable 
use of streamwaters for the well-being of the people. Such standards provide the basis for managing the 
optimal use of streamwaters for various purposes such as municipal and industrial water supply, aquatic 
habitats, and recreation. Protected streamflow at a given location along a stream is defined as that flow 
below which water withdrawals will usually not be permitted for offstream uses such as municipal and 
industrial water supply and irrigation. Protected-streamflow measures are needed to help maintain: 1) 
aquatic habitats without their being seriously affected by water withdrawals during critical low-flow 
periods; 2) assimilative capacity of a stream to receive effluents from wastewater plants without adverse 
effects on streamwater quality; 3) stream integrity in terms of diversity and strength of biotic communities; 
and 4) the potential for general recreation. 
Offstream water uses may be continuous such as for municipal and industrial water supplies, or 
seasonal such as for irrigation purposes. Choosing a desirable protected flow involves a consideration of 
all the above objectives, offstream uses, conflicting needs, and economics. An overriding consideration is 
not to let the stream go through irreversible or serious ecological damage because of excessive withdrawals 
during dry periods with significantly low streamflow. A methodology has been developed and 
computerized for providing the necessary information to aid in objective selection of a certain protected-
flow level 
Protected-flow statistics basically consist of a month-by-month analysis of daily flow availability 
above a selected minimum flow or protected-flow level. These statistics provide information on average 
deficit or surplus flow available and the percentage of years and days during which these deficits or 
surpluses occur. This information is necessary for the optimal design of storage reservoirs in situations 
where established water need, such as for municipal potable water supply or irrigation, exists. The matrix 
of surpluses and deficits provides the data for optimizing the storage size of the reservoir. 
Adoption of a protected-flow level for streams in Illinois is a policy decision that will be influenced 
by environmental considerations, offstream water needs, and economics. The protected-flow statistics 
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which provide the basic information for objective selection of a protected-flow level are derived by using 
the time series of daily-flow values measured at a gaging station. The time series is assumed to be 
stationary, thereby reflecting the flow variability to be expected in the future. However, some daily-flow 
time series have been rendered nonstationary by factors such as increasing effluents from municipal 
wastewater treatment plants in growing urban communities, policy changes such as establishment of 
minimum flow requirements in certain streams, decreases in the diversion of water from Lake Michigan, 
and other climatic changes. Flow-duration values calculated from a nonstationary time series may not 
represent existing or future conditions. Therefore the daily flow data at all gaging stations in Illinois have 
been examined for time trends, and relevant flow-duration values have been estimated for present 
conditions at 66 of the gaging stations. 
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II. METHODOLOGY AND COMPUTER PROGRAM 
The flow information needed for planning withdrawals from the stream and for designing storage to 
tide over a few weeks to many months of zero or low water availability from the stream under various 
protected-flow levels (four levels considered here) comprises: 
(1) Monthly flows for the period of record 
(2) Flows at specified probabilities for each month as well as for the whole record 
(3) 7-, 15-, 31-, and 61-day low flows and dates of their occurrence each year for zero protected flow as 
well as for the four protected flow levels 
(4) 5-, 9-, 13-, and 17-month-duration low flows with no protected flow as well as with the four 
protected flow levels 
(5) Days in each month of the record with available flow Qa negative or positive (Qa = Qs - Qp in which 
Qs is the streamflow and Qp is the protected flow), and average values of Qa (or ) in each month 
for both negative and positive flows, for each of the four protected flow levels 
A computer program was developed to read the daily flows of record at a gaging station, stored on a 
tape. The output is printed in two formats. In the first format, the complete information developed, as 
mentioned above, is printed for in-depth review of the available flow Qa during wet, normal, and dry years, 
considering various protected-flow levels. In the second format, the output is printed in five tables and is 
stored in the computer or transferred to a tape for future reference. The first table provides mean monthly 
and yearly flows, the departure of the mean yearly flows from the average (to help in identifying time 
trends, if any), and statistics of these mean monthly and yearly flows in terms of their averages, standard 
deviations, and serial correlation coefficients. The second table contains the discharges corresponding to 
99,95,90,85,80,75,70,60,50,40, 30,25,20,15,10, 5, and 1% flow duration or exceedance 
probabilities for each of the 12 months as well as for the entire record. 
The third table gives the values of lowest mean flow for 7-, 15-, 31-, and 61-day periods each year, 
ranked from low to high, together with a column for their associated probabilities. In the fourth table 
information on the mean low flows for 5-, 9-, 13-, and 17-month durations, similar to the information in the 
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third table, is provided. The last table contains the mean values (both negative and positive) for each 
month for the days the Qa was negative or positive, the percentage of days in that month with negative or 
positive flows over the years, and the percentage of years having days with negative or positive flows 
(obtained from the ratio of the number of years having days with negative or positive flows to the total 
years of record for a particular month). 
An Example 
The information developed at each gaging station is illustrated through an example. Consider the 
daily flow record available from October 1946 to September 1983 for Shoal Creek near Breese, in southern 
Illinois, with a drainage area of 735 square miles. The information developed for this gaging station is 
given in Tables 1 through 7. Similar information is provided in the appendix for eight other gaging stations 
in Illinois. The locations of these nine gaging stations in Illinois are shown in Figure 1. 
The mean monthly and mean annual flows for the period of record are given in Table 1. The and 
' values at the end of the table provide the averages and standard deviations of the mean monthly and 
annual flow series. The mean daily flow for the period of record is 514.9 cfs. With this value as a 
criterion, two noticeably dry periods may be discerned: 1953-1956 and 1963-1966. The years 1973, 1974, 
and 1983 were relatively wet years. 
The results of the analyses of low flows are given in Table 2. The 7-, 15-, 31-, and 61-day low flows 
are computed for each year for the period of record. In computing low flows the year is defined as 
beginning in April and ending in March. The mid-point of occurrence of the low-flow period is also 
determined. The low-flow series is ranked in ascending order, and the probability of non-exceedance is 
determined for each value in the series. 'T-YR' provides the recurrence interval in years. Low flows 
generally occur during the period August through December. The 'μ' and 'σ' values provide the average 
and standard deviation of each of the low-flow variables. 
Low-flow values for 5-month and 9-month durations were calculated for each year for the period of 
record and are given in Table 3. These flows are also referred to as drought flows because of the extended 
duration of the low-flow period. The low-flow year used to calculate the drought flows is the same as for 
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Figure 1. Locations of selected streamgaging stations in Illinois 
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* Month in which the midpoint of the low-flow period occurred 
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* Middle month of the drought period 
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the 7- to 61-day low flows. The middle month of the 5-month and 9-month period for each year is also 
determined. The 5-month low-flow period generally occurs from August through December. 
Monthly and annual flow-duration values are given in Table 4. The daily flows for each month as 
well as for the whole year for the period of record (a total of 13 daily-flow series) are ranked in ascending 
order. The flow values at different exceedance probabilities are determined through interpolation. Also 
given in Table 4 are the average monthly and annual flow values ( in table 1) and their associated 
exceedance probabilities. For Shoal Creek near Breese the is 514.88 cfs and the associated exceedance 
probability is 20.81%. This means that the average flow of 514.88 cfs is exceeded only 20.81% of the 
time. The distribution of the daily-flow series is skewed to the left 
The available flow Qa equals Qs - Qp or the streamflow minus the protected flow. The four 
protected-flow levels considered are Q(90), Q(85), Q(80), and Q(75) corresponding to 90, 85, 80, and 75% 
flow durations. 
An example of protected-flow statistics developed for the month of October by using Qp = Qm(90) 
(the monthly flow duration corresponding to the 90% exceedance probability) is given in Table 5. With Qp 
= Qm(90), there are 10 years (out of a total of 38 years) in which Qa is negative on some days in October. 
Thus the percentage of years (% YEAR) with negative Qa during October is 26.32. The number of days in 
October with negative Qa is 117 out of a total of 31 × 38 = 1178 days. Therefore the percentage of days 
(% DAYS) in October with negative available flow is 100 × (117/1178) or 9.93%. The sum of negative 
flows (Σ Qa) over the 117 days is -343.68 cfs. Thus the average Qa, or , equals -343.68/117 or -2.94 
cfs. 
However, all 38 years have at least one day in October during which Qa is positive (Qs > Qp, or Qa 
> 0). The percentage of years (% YEAR) with positive Qa during October is thus 100%. The number of 
days in October with such flows is 1061 out of a total of 1178 days. Therefore the percentage of days (% 
DAYS) in October with positive available flow is 100 x (1061/1178) or 90.07%. The sum of positive 
flows (Σ Qa) over the 1061 days is 154,757.46 cfs. Thus the average Qa, or , equals 145.86 cfs. 
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An example of protected-flow statistics developed by using Qp = Qy (90) for the month of October is 
given in Table 6. The statistics are different when Qy, or the yearly flow-duration value, is used instead of 
Qm. 
Table 7 is a summary of protected-flow statistics for Shoal Creek near Breese, developed on the basis 
of the data in Tables 5 and 6. The flow information needed for planning withdrawals from the stream and 
for designing storage during periods of zero or low water availability from the stream under various 
protected-flow levels (four levels considered here) is provided in this table. This information consists of: 
(1) Average monthly and yearly mean flows for the period of record 
(2) Standard deviation of monthly and yearly mean flows 
(3) Flows at 90, 85, 80, and 75 percent exceedance probabilities (or flow durations) for each month as 
well as for the whole year 
(4) Average values of both negative and positive Qa for each of the four protected-flow levels 
(5) Percent years for each month of the record with Qa negative or positive 
(6) Percent days in each month of the record with Qa negative or positive 
Generally, the flows corresponding to 90-75% flow durations for the yearly data are higher than 
those for the monthly data for the months August through December, and they will provide higher 
protected flows. However, during March through June the monthly flow-duration values are much higher 
than the yearly flow duration, and use of the yearly flow duration considerably lowers the protected flow. 
This interaction between monthly and total flow-duration values is further illustrated in Section IV. 
In the first row of Table 7 is provided information on the averages of the mean monthly and yearly 
flows for the period of record. The standard deviations of the mean monthly and mean yearly flows are 
given under and are indicators of the variability of flow over the period of record as well as 
within each year. The available flow Qa equals Qs - QP or the streamflow minus the protected flow. 
The flow statistics for the different levels of protected flow -- Q(90), Q(85), Q(80), and Q(75) - are 
given in two blocks. In the first block (under T = M) the monthly flow-duration values are used, while in 
the second block (under T = Y) the yearly flow-duration values are used. The first three rows in each block 
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provide the protected-flow statistics for deficit periods when Qa ≤ 0. The next three rows provide the 
protected-flow statistics for surplus periods when Qa > 0. 
The availability of water at two protected-flow levels for Shoal Creek near Breese is shown in Figure 
2. The availability of water is measured in terms of the percent days (% DAYS) during which the observed 
flow exceeds the protected flow. The flow availability depends on the protected-flow level and also on 
whether the monthly or yearly flow-duration value is used as the protected flow. Using a monthly flow-
duration value provides a relatively constant protection in terms of percentage of days with positive Qa for 
each month. The yearly flow-duration value is the same for each month, but it provides less protection in 
high-flow months. The availability of water under protected flows corresponding to yearly flow-duration 
values varies for each month as shown in the figure. 
The information provided in Table 7 gives a matrix of flow surpluses and deficits from month to 
month for the protected-flow levels under consideration. The decision analysis to define desirable 
protected flow may also make use of information on improvement in suitability of aquatic habitats with 
increase in protected flow during various months of the year (in terms of diversity and strength of biotic 
communities and fish species), existing established uses, potential municipal and industrial demands, and 
seasonal irrigation requirements. 
Protected-flow statistics have been computed for 217 gaging stations in Illinois, and were presented 
in tabular form by Singh and Ramamurthy (1987). The flow-duration values used in developing 
protected-flow statistics for the 217 gaging stations have been calculated by using daily-flow data. The 
flow-duration values were not modified to represent present conditions. In the next section we examine the 
daily-flow series at each of the 217 gaging stations for time trends and outline several simple procedures 
for estimating the yearly flow-duration values for present conditions. 
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Figure 2. Availability of water at two protected-flow levels, Shoal Creek near Breese 
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III. FLOW REGIME CHANGES AND FLOW DURATION: 
IMPLICATIONS FOR PROTECTED-FLOW INFORMATION DEVELOPMENT 
Protected-flow statistics provide the basic information needed for objective analyses and adoption of 
protected-flow levels for streams in Illinois. It is important to ensure that the protected-flow statistics 
developed represent present conditions. Since protected-flow level is made to correspond to some flow-
duration value, the flow-duration series must represent present conditions. This requires that the time 
series of daily-flow data be stationary. In other words, the series of daily-flow values should be free from 
time trends. 
Gaging stations with a period of record greater than 30 years are particularly susceptible to time 
trends in the data. The flow regimes can change over a long time period through a combination of several 
factors. These factors can be considered under four categories. 
Urbanization Increasing population in urban areas changes the flow regime in two ways. First, the flow 
routing is altered because of storm sewers. This affects the time of travel to the receiving 
stream and produces higher peak flows. Second, the effluents from municipal (and 
industrial) wastewater treatment plants increase with population and increase the low flows 
in the receiving stream. Also, if increased water withdrawals are made from the stream to 
serve the growing population or the industrial sector, this will reduce the low flows. 
Regulation Mandatory minimum flow releases from reservoirs can significantly increase the low flows 
downstream of the reservoir. In such cases the daily flow values prior to the regulatory 
changes - especially the values for flows with high probabilities of exceedance, or low 
flows - should not be used to calculate flow-duration values. 
Water Use Water withdrawals from streams for different uses such as potable water supply, industrial 
cooling, irrigation, and recreation change over time. This affects the low-flow regime. 
Climate Northeastern Illinois has been experiencing a wetter and cooler climate during the last 20 
years than was experienced in the past (Changnon, 1984, 1985). This has increased the 
average flows in that region during the last 20 years. 
The amount of flow diverted from Lake Michigan to the Illinois River through the Chicago Sanitary 
and Ship Canal changed significantly in 1940. The flows along the Illinois River prior to 1940 were much 
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higher than present flows. Most of the dams on the Illinois River were also completed by 1940. Flow data 
prior to 1940 at the Illinois River gaging stations should not be considered in computing the flow duration. 
Also, several large lakes were constructed from 196S to 1970, most notably Lake Shelbyville and Lake 
Carlyle on the Kaskaskia River and Rend Lake on the Big Muddy River. The specification of minimum 
low-flow releases from the impounding structures has significantly changed the flow regime downstream 
along Lhasa rivers. Again, flow data for downstream gaging stations for the period prior to construction of 
these lakes should not be used, or should be modified, for computing the flow duration. 
The existence of time trends in the data produces a flow-duration curve that may not represent 
present conditions. This is generally true of streams that are in urbanizing areas such as northeastern 
Illinois and thus receive increasing effluent discharges from municipal and industrial wastewater treatment 
plants. In such cases the flow-duration values need to be modified to represent present conditions. Five 
examples are provided that illustrate the methodology used to analyze for time trends in the daily-flow data 
and to adjust the yearly flow-duration values to reflect present conditions. The procedure basically 
involves computing the relevant flow parameters - Q, Q(90), Q(85), Q(80), and Q(75) - for different time 
periods and plotting these values with respect to time. A trend curve is drawn to determine the value of the 
flow parameter for present (1986) conditions. 
1. Vermilion River near Danville 
Flow-duration values calculated at 10-year intervals for the period of record at this gaging 
station (1929 to 1983) are shown in Table 8. Effluents from Rantoul, Champaign-Urbana, 
and Danville have changed substantially over the last 30 years and have changed the low-
flow regime of the receiving streams. Water use in Danville levelled off in 1973, and the 
increased flows during 1974 to 1983 are due to increased precipitation in the region. The 
flow-duration values estimated for present conditions correspond to the values obtained for 
the period 1964 to 1973. 
2. Embarras River at Ste. Marie 
The period of record at this gaging station is 1915 to 1986. The change in effluents over the 
last 15 years has been of the order of 1 to 2 cfs, which is relatively small compared to the 
low flows at the station. The flows have been higher than average during the last 10 years, 
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• FP = Flow Parameter 
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but this is mainly because of increased precipitation in this watershed. No change is needed 
for the flow-duration values determined at this station from the daily flows of record. 
3. Kankakee River at Momence 
How-duration values calculated at 10-year intervals for the period of record at this gaging 
station (1916 to 1983) are shown in Table 9. The flow-duration values calculated for the 
period 1916-1923 are very low and do not represent the present flow levels in the stream. 
On the other hand, the flow values for the period 1974-1983 are too high, mainly because of 
above-normal precipitation during those years, and again do not represent normal present 
conditions. The flow-duration values estimated for present (1986) conditions are lower than 
the values calculated for the period 1974-1983. 
4. Salt Creek at Western Springs 
Flow-duration values calculated at 10-year intervals for the period of record at this gaging 
station (1946 to 1983) are shown in Table 10. The stream receives effluents from a number 
of urban townships with populations that have increased substantially during the last 25 
years. Since the flows have increased steadily over the years the low-flow regime has 
changed significantly. How values prior to 1970 are no longer representative of present 
conditions. The flow-duration values estimated for present (1986) conditions are higher 
than the values calculated for the period 1974-1983. 
5. Sangamon River at Riverton 
The period of record at this gaging station is from 1915 to 1955. How conditions have 
changed along the Sangamon River during the last 20 to 30 years. Since daily-flow values 
at this gaging station are not available for current years, the streamflow assessment model 
for the Sangamon River Basin (Knapp et al., 1985) was used to determine present flow 
conditions. Streamflow assessment models for the Fox, Kaskaskia, and Kankakee River 
basins are under development at the State Water Survey. These streamflow assessment 
models will provide a scientific procedure for determining flow-duration values for present 
conditions when the flow regime is changing with time. 
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• FP = Flow Parameter 
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The flow data at all gaging stations in Illinois were examined for time trends, and the data for the 
gaging stations showing significant time trends were analyzed. Flow-duration values for present conditions 
were developed for 66 gaging stations. These flow-duration values (both unmodified and adjusted for 
present conditions) at 90, 85, 80, and 75% exceedance probabilities are given in Table 11. 
The procedure used is simplistic and applies only to the modification of yearly flow-duration values. 
More detailed analyses are needed to improve the estimates of yearly flow duration for present conditions 
and to calculate the monthly flow-duration values as well. Such a detailed analysis is beyond the scope of 
this project 
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Note: P represents flows estimated for present conditions of effluents, withdrawals, and regulation 
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IV. ADOPTION OF A PROTECTED-FLOW STANDARD: OTHER CONSIDERATIONS 
Monthly vs Yearly Flow Duration 
Some states have defined protected flow as the flow corresponding to 90, 85, or 80% flow duration 
based on the entire daily flow record: Variation of such flows from month to month is shown in Figure 3 
for Shoal Geek near Breese. Qy(90) exceeds Qm(90) for the months August through December, and 
Qy(85), Qy(80), and Qy(75) exceed Qm(85), Qm(80), and On,(75), respectively, for the months August 
through January. For all intents and purposes, the flows corresponding to 90-75% yearly flow durations are 
higher than those corresponding to monthly flow durations for the months August through December, and 
they will provide higher protected flows. However, during June and July the monthly flow-duration values 
are much higher than those for the yearly flow duration, and use of the yearly flow duration considerably 
lowers the protected flow. This was illustrated earlier by using Figure 2. If the protected flow is to 
correspond to some flow-duration value, the interaction between monthly and yearly flow-duration values 
will have to be recognized in determining desirable protected flows for each month, season, or whole year. 
Aquatic Habitat Suitability 
During low streamflows most fish are found in the pools of the riffle-pool sequences comprising the 
stream length. The average depth of the pool below the riffle bed increases with drainage area, although 
the relation needs validation for regional application. Singh and Ramamurthy (1981) and Singh (1983) 
have studied desirable low-flow releases from impounded streams in Illinois. Additional cost of storage to 
sustain low-flow releases during droughts was considered in their analyses. In natural stream systems, the 
desirable protected flows may be in the range of 85-80% flow duration. 
Type of Water Use 
About 90% of the water with drawn from a stream for municipal water supply is returned to the 
stream from the wastewater treatment plant, at some location downstream of the intake. Thus the low flow 
in the stream is decreased in the stream reach between the intake and the wastewater plant outfall. This 
distance can be reduced to minimize the affected length of the stream. In the Midwest water for irrigation 
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Figure 3. Monthly and yearly flow-duration values, Shoal Creek near Breese 
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is usually needed from mid-June to mid-August, and only a very small portion of this water reaches the 
stream in the form of baseflow during dry summer months. Although some water may be available for 
irrigation purposes in June and July, it may not be sufficient to meet expanding irrigation needs. Some on-
farm storage ponds may be filled with water withdrawn from the stream during the relatively high-flow 
months of April and May. 
Assimilative Capacity 
During low-flow conditions, a stream usually consists of a series of pools and riffles. The riffles raise 
the dissolved oxygen (DO) level of the water in the stream, but the DO level in the pool may be reduced 
somewhat because of the presence of fish and other microorganisms. This aspect of stream behavior needs 
to be considered in determining the effect of various wastewater discharges on the DO. 
Economics 
As mentioned previously, the adoption of a suitable protected-flow standard involves consideration 
of conflicting goals and needs. Both tangible and intangible benefits are associated with a protected-flow 
level, and these benefits vary with the level of protection. There is also an associated cost for adopting and 
maintaining a protected-flow level in a stream. A cost-benefit approach using the information developed in 
this report will provide a framework for analyzing the economics of adopting a particular protected-flow 
level. This approach provides for an objective selection of a protected-flow level to meet the needs of the 
people in Illinois. 
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APPENDIX 
DEVELOPMENT OF PROTECTED-FLOW STATISTICS: SELECTED EXAMPLES 
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Table 1.7 Summary of Protected-Flow Statistics 
USGS NO. 03345500 Embarras River at Ste. Marie 
Drainage Area 1516.00 sq mi Period of Record (1914-1983) 69 years 
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Table 2.7 Summary of Protected-Flow Statistics 
USGS NO. 03379500 Little Wabash River below Clay City 
Drainage Area 1131.00 sq mi Period of Record (1914-1983) 69 years 
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Table 3.7 Summary of Protected-Flow Statistics 
USGS NO. 05440000 Kishwaukee River near Perryville 
Drainage Area 1099.00 sq mi Period of Record (1939-1983) 44 years 
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Table 4.7 Summary of Protected-Flow Statistics 
USGS NO. 05542000 Mazon River near Coal City 
Drainage Area 455.00 sq mi Period of Record (1939-1983) 44 years 
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Table 5.7 Summary of Protected-Flow Statistics 
USGS NO. 05554500 Vermilion River at Pontiac 
Drainage Area 579.00 sq mi Period of Record (1942-1983) 41 years 
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Table 6.7 Summary of Protected-Flow Statistics 
USGS NO. 05567500 Mackinaw River near Congerville 
Drainage Area 767.00 sq mi Period of Record (1944-1983) 39 years 
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Table 7.7 Summary of Protected-Flow Statistics 
USGS NO. 05570000 Spoon River at Seville 
Drainage Area 1636.00 sq mi Period of Record (1914-1983) 69 years 
89 
90 
91 
92 
93 
94 
95 
96 
97 
Table 8.7 Summary of Protected-Flow Statistics 
USGS NO. 05585000 La Moine River at Ripley 
Drainage Area 1293.00 sq mi Period of Record (1921-1983) 62 years 
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